Circadian clocks optimize the timing of physiological processes in synchrony with daily recurring and therefore predictable changes in the environment. Until the late 1990s, circadian clocks were thought to exist only in the central nervous systems of animals; elegant studies in cultured fibroblasts and using genetically encoded reporters in Drosophila melanogaster and in mice showed that clocks are ubiquitous and cell autonomous. These findings inspired investigations of the advantages construed by enabling each organ to independently adjust its function to the time of day. Studies of rhythmic gene expression in several organs suggested that peripheral organ clocks might play an important role in optimizing metabolic physiology by synchronizing tissueintrinsic metabolic processes to cycles of nutrient availability and energy requirements. The effects of clock disruption in liver, pancreas, muscle, and adipose tissues support that hypothesis. Adipose tissues coordinate energy storage and utilization and modulate behavior and the physiology of other organs by secreting hormones known as "adipokines." Due to behavior-and environment-driven diurnal variations in supply and demand for chemical and thermal energy, adipose tissues might represent an important peripheral location for coordinating circadian energy balance (intake, storage, and utilization) over the whole organism. Given the complexity of adipose cell types and depots, the sensitivity of adipose tissue biology to age and diet composition, and the plethora of known and yet-to-be-discovered adipokines and lipokines, we have just begun to scratch the surface of understanding the role of circadian clocks in adipose tissues.
Mammalian circadian clocks involve a core cellautonomous feedback loop in which the E-box specific DNA binding transcription factors Clock and Bmal1 (also known as Arntl) drive expression of their own repressors, periods (Per1,2,3) and cryptochromes (Cry1,2) (Partch et al., 2014) . Clock and Bmal1 also drive rhythmic expression of the Nr1d (Reverba, Reverbβ) and Nr1f (Rora,β,γ) families of nuclear hormone receptors (NRs), which compete to repress or activate transcription respectively from cognate response elements, including the Bmal1 promoter. NRs are master regulators of metabolic physiology (Mangelsdorf et al., 1995; Mullican et al., 2013) , and several of them are expressed rhythmically in liver, muscle, and adipose tissues, which may be important for coordinating their metabolic functions with circadian time (Yang et al., 2006; Yang et al., 2007) . Notably, the only single gene deletion that abolishes circadian rhythms in all tissues is ablation of Bmal1. Mice with tissue-specific disruption of THE BODY CLOCKS REVIEW SERIES Bmal1 have been important tools in deciphering the role of circadian clocks in individual organs without disrupting central clock-driven behavioral rhythms (Storch et al., 2007; Westgate et al., 2008) .
Adipose tissues are the main sites of long-term energy storage and participate in whole-body energy homeostasis and thermoregulation (Rosen and Spiegelman, 2014) . Far from being a single homogeneous organ, fat resides in several major deposits in humans, classified into 3 types: subcutaneous white adipose tissues, visceral white adipose tissues, and brown adipose tissues. Adipocytes are also present in smaller deposits, including those that provide mechanical cushioning for joints and feet, energy reserves for mammary gland remodeling, and expansion during pregnancy and lactation, and in the bone marrow. Rodents also have white and brown adipose tissues, and some of the major fat pads in mice are similar to specific human fat depots, while others may be species specific (Figure 1) (Tran and Kahn, 2010) . The cellular makeup and physiology of fat in different locations are distinct, as evidenced by profound metabolic changes induced by transplanting fat from one location to another (Lee et al., 2013) . Like other peripheral organs, human and mouse adipose tissues (Ando et al., 2005; Zvonic et al., 2006; Gomez-Santos et al., 2009 ) and cultured adipocytes (Ramanathan et al., 2014) harbor circadian clocks that are set by metabolic signals downstream of feeding (Zvonic et al., 2006) . Diurnally expressed transcripts seem to be similarly widespread in adipose tissues as they are in other peripheral organs and include many metabolically important genes (Zvonic et al., 2006; Sukumaran et al., 2010; Shostak et al., 2013) .
Adipose tissues contain a heterogeneous mixture of cell types, including adipocytes, vasculature, and macrophages. In this review, we focus on the role of circadian rhythms and clock components in adipocytes. White adipocytes balance the synthesis, storage, and breakdown of triglycerides during times of energy surplus or demand. They are also the primary sites of synthesis and secretion of several adipokines, adipocyte-derived hormones that signal long-term energy storage to the central nervous system and regulate food intake and other aspects of physiology. Brown adipocytes contain a high density of mitochondria and generate heat by uncoupling lipid oxidation from mitochrondrial adenosine triphosphate (ATP) generation via expression of uncoupling protein 1 (Ucp1) (Cannon and Nedergaard, 2004) . Through this process, they play a critical role in body temperature modulation. Recently, so-called beige adipocytes have been described, which are developmentally related to white adipocytes but seem to be functionally flexible and can adapt to function more like brown adipocytes (Harms and Seale, 2013) .
ADIPOgEnESIS
The detailed mechanisms of adipose tissue specification and development are beyond the scope of this review and remain incompletely understood (Rosen and Spiegelman, 2014) . Brown adipocytes are derived from a different precursor than white adipocytes, and their developmental lineage is closer to that of muscle cells, which are also rich in mitochondria and can produce heat. Indeed, it is possible to "transdifferentiate" myocytes into brown adipocytes in culture by expressing the transcriptional cofactor Prdm16 (Seale et al., 2008) . Conversely, depleting Prdm16 from primary brown adipocytes converts them to myocytes. White and beige adipocytes are derived from a common distinct stem cell population.
The differentiation of mature lipid-storing white adipocytes from committed adipocyte precursors has been extensively studied in cell culture models and may be influenced by circadian clocks. Bmal1 has been reported to influence adipogenesis in cultured preadipocytes, but there is no consensus among the published findings. The first study to address the role of Bmal1 in adipogenesis reported that small interfering RNA (siRNA) knockdown of Bmal1 reduces adipogenesis in 3T3-L1 cells (Shimba et al., 2005) , while a subsequent study reported that knockdown of Bmal1 enhanced adipogenesis in 10T1/2 cells and in mouse embryonic fibroblasts (Guo et al., 2012) . It is difficult to know how these cell culture systems relate to in vivo adipose tissue development. Several groups have reported increased adiposity in mice lacking Bmal1 expression either in all cells (Lamia et al., 2008; Guo et al., 2012; Kennaway et al., 2013) or specifically in adipocytes (Paschos et al., 2012) and in Clock m/m mutant mice (Rudic et al., 2004; Shostak et al., 2013) , in which exon 19 of the Clock transcript is skipped, resulting in reduced DNA binding activity (King et al., 1997) . This is consistent with the increased adipogenesis observed in some studies of Bmal1 -/cells (Guo et al., 2012) but could also reflect differences in feeding patterns of Bmal1 -/and Clock m/m mice, which eat a similar amount of food to that eaten by wild-type mice but consume a higher proportion of calories during the day (Turek et al., 2005; Lamia et al., 2008) . It is now well established that the temporal pattern of food consumption can profoundly affect weight gain and adiposity independent of total caloric intake (Arble et al., 2009; Bray et al., 2010; Hatori et al., 2012; Chaix et al., 2014) . The increased adiposity in circadian mutant mice could also reflect increased lipid accumulation due to increased lipogenesis or decreased lipolysis, which will be discussed further below.
REVERBa AnD REVERBβ
The nuclear hormone receptor Reverba, which is among the highest amplitude diurnally expressed proteins and participates in circadian rhythm maintenance, has also been suggested to play a role in adipogenesis. Reverba expression is dynamically regulated during adipogenesis (Chawla and Lazar, 1993; Canaple et al., 2006) , and Reverba activating ligands can promote adipogenesis (Kojetin and Burris, 2011) . However, Reverba -/mice have normal or even increased amounts of adipose tissue (Chomez et al., 2000; Delezie et al., 2012) , suggesting that Reverba is not required for adipogenesis in vivo. This could simply reflect redundancy with the highly related transcription factor Reverbβ; examination of mice lacking both Reverba and Reverbβ in adipose tissues would help determine whether they are important players in this process.
In contrast, Reverba seems to be uniquely important for the circadian regulation of body temperature in brown adipose tissue (Gerhart-Hines et al., 2013) . Wild-type mice display robust diurnal rhythms in body temperature, with core body temperature varying between approximately 35 °C during the day and 37 °C at night. In Reverba -/mice, this oscillation is severely dampened, and core body temperature remains high throughout the day. This is likely due to loss of Reverba-dependent suppression of Ucp1 expression during the day in brown adipose tissue (Gerhart-Hines et al., 2013), a striking example of a cascade of circadian transcriptional regulation modulating a specific physiological output in a time-ofday-dependent manner. Importantly, human body temperature also exhibits diurnal oscillation (Cermakian and Boivin, 2009) , and circadian rhythms of human brown adipose tissue activity have been described (van der Veen et al., 2012) . Thus, this mechanism may be conserved in humans and could potentially be modulated by synthetic Reverba ligands (Kojetin and Burris, 2011) .
PPARγ
Another nuclear hormone receptor that has been linked to circadian rhythms, peroxisome proliferatoractivated receptor γ (PPARγ), is a master regulator of adipocyte differentiation and function (Ahmadian et al., 2013) . PPARγ is highly expressed in adipose tissue and is required for adipogenesis (Barak et al., 1999) . Indeed, expression and activation of PPARγ is sufficient to drive the differentiation of fibroblasts into adipocytes (Tontonoz et al., 1994) . Circadian clocks regulate PPARγ in several ways. Pparγ expression in mouse epididymal white adipose tissue is approximately 4 times higher during the middle of the night than it is in the morning (Yang et al., 2006) , although it is unclear whether this rhythmic expression is driven by systemic factors or local adipose clocks. PPARγ activity is controlled by interaction with a plethora of transcriptional coregulators (Feige and Auwerx, 2007; Powell et al., 2007) , among which the best studied are PPARγ coactivator 1 alpha (Pgc1a) and beta (Pgc1β). Pgc1a and Pgc1β messenger RNA (mRNAs) exhibit diurnal rhythms in liver, muscle, and white and brown adipose tissues (Yang et al., 2006; Liu et al., 2007; Paschos et al., 2012) . The oscillating expression patterns of Pparγ and Pgc1a peak synchronously near dawn in mouse WAT (Yang et al., 2006) , suggesting that rhythmic coactivator expression could amplify circadian PPARγ activity in WAT during the day. Interestingly, Pgc1a and Pgc1β are likely direct targets of several circadian transcription factors because multiple sites in chromatin near their loci are among the small number of sites that are bound by all 7 circadian factors examined in a genome-wide study in mouse liver (Koike et al., 2012) . This, coupled with their rhythmic expression in a wide variety of tissues, suggests that Pgc1a/β may be intimately linked to circadian clock function. Pgc1a -/mice have slightly altered circadian behavior patterns, and circadian gene expression is altered in Pgc1a -/cells (Liu et al., 2007) . While these effects are small, it is possible that Pgc1β is redundant with Pgc1a in regulating rhythms and that loss of both isoforms would have a greater impact on clock function. Pgc1β -/mice have altered diurnal activity, but circadian rhythm was not specifically examined (Sonoda et al., 2007) . It has also been suggested that PPARγ may support circadian rhythms. Notably, deletion of Pparγ reduced the amplitude of circadian expression of several transcripts in adipose tissue (Yang et al., 2012) . Cell or tissue-specific deletion of Pparγ also decreased circadian gene expression in cultured adipocytes and in the vasculature, respectively (Wang et al., 2008; Yang et al., 2012) . Genomic profiling of PPARγ chromatin association and target gene activation has defined thousands of transcripts that are directly regulated by PPARγ (Lefterova et al., 2008; Nielsen et al., 2008) . The PPARγ target gene network includes important drivers of adipocyte biology, and several of those are transcribed rhythmically in adipose tissues in vivo ( Figure 2 ). It seems likely that PPARγ is part of a coordinated transcriptional activation cascade in WAT analogous to the role of Reverba in BAT exemplified by circadian thermoregulation driven by rhythmic Reverba-dependent repression of Ucp1.
REguLATIOn OF REVERBa AnD PPARγ BY CIRCADIAn REPRESSORS
Circadian repressors also regulate Reverba and PPARγ. Per2 directly associates with several nuclear hormone receptors, including Reverba, PPARa, and PPARγ (Grimaldi et al., 2010; Schmutz et al., 2010) . Per3 binds PPARγ (Costa et al., 2011) ; its association with other NRs has not been examined. Cry1 and Cry2 interact with several nuclear hormone receptors, including PPARγ (K. Lamia, S. Jordan, and E. Henriksson, unpublished observation) but not Reverba (Lamia et al., 2011) . Per2, Per3, Cry1, and Cry2 each interacts with NRs via the NRs' ligand binding domains (Schmutz et al., 2010; Costa et al., 2011; Lamia et al., 2011) and represses the transcriptional activity of associated NRs (Grimaldi et al., 2010; Schmutz et al., 2010; Costa et al., 2011; Lamia et al., 2011) , but the mechanisms by which they do so remain unclear. NR ligand binding domain interactions with coactivators and corepressors are mediated by short hydrophobic motifs called "NR boxes" and "CoRNR boxes" (Heery et al., 1997; Hu and Lazar, 1999) . The interaction of Per2 with NRs seems to require an NR box in the N-terminus of Per2 that is not conserved in Per1 or Per3 (Schmutz et al., 2010) , and the interaction of Per3 with PPARγ also requires the N-terminal domain of Per3 (Costa et al., 2011) , in which a similar sequence nearby may serve the same function.
Consistent with a role of circadian repressors in modulating adipocyte biology by repressing NRs, overexpression of Per3 prevented and deletion of Per3 enhanced the differentiation of mesenchymal stem cells into adipocytes (Costa et al., 2011) , and Per3 -/mice have increased adipose tissue mass in the absence of altered feeding patterns (Dallmann and Weaver, 2010) . Per2-deficient fibroblasts also differentiate more readily into adipocytes (Grimaldi et al., 2010) . Per2 -/mice accumulate excess adipose tissue (Yang et al., 2009; Grimaldi et al., 2010) , but because they also exhibit altered food consumption (Yang et al., 2009; Dallmann and Weaver, 2010) , further study will be required to understand the cell-autonomous role of Per2 in adipocytes. The large number of chromatin sites bound uniquely by Pers and Crys suggests that they likely repress several nonclock transcription factors, including some NRs (Koike et al., 2012) . A better understanding of the overlapping and distinct roles of Crys and Pers in Dgat1/2, diglyceride acyltransferase 1/2; Mgat1, monoglyceride acyltransferase 1; Scd1, stearoyl-CoA desaturase-1;  Elovl6, elongation of very long-chain fatty acids protein 6; Acsl1/4, acyl-CoA synthetase long-chain family member 1/4; Lpin1, phosphatidate phosphatase LPIn1; Ac1/2c, acetyl-CoA carboxylase 1/2; Fas, fatty acid synthase; Fabp4, fatty acid binding protein 4; Gpd1, glycerol-3-phosphate dehydrogenase 1; Agpat1/2, 1-acylglycerol-3-phosphate o-acyltransferase 4; Mogat2, monoacylglycerol acyltransferase  2; Gapdh, glyceraldehyde 3-phosphate dehydrogenase; Hk2, hexokinase 2; Pfkfb3, 6-phosphofructo-2-kinase/fructose-2,6-biphospatase  3; Pepck, phosphoenolpyruvate carboxykinase; Srebp1, sterol regulatory element-binding protein 1; Ppar a/γ, peroxisome proliferatoractivated receptors a/γ; AdipoR1/2, adiponectin receptor 1/2; Pnpla2 (Atgl), patatin-like phospholipase domain containing/adipose triglyceride lipase; Lipe (Hsl), hormone-sensitive lipase; Ces1d (Tgh), carboxylesterase 1D/triacylglycerol hydrolase; FA, fatty acid; Wnt10a,  wingless-type MMTB integration site family member 10a; Dvl2, disheveled segment polarity protein 2; Nr1d1 (RevErba), nuclear receptor subfamily 1 group D member 1; slc2a4 (gLuT4) , solute carrier family 2/glucose transporter type 4.
regulating adipose biology and other circadian output pathways awaits further study.
ADIPOSE-SPECIFIC CLOCK DISRuPTIOn
The current gold-standard tool for analyzing the physiological effects of disrupting clock function in specific peripheral organs without altering the SCN master clock was recently applied to adipose tissues (Paschos et al., 2012) . The resulting analysis of mice in which Bmal1 is depleted in adipocytes (Ad-Bmal1 -/-) is illustrative both of the importance of circadian modulation of adipose function and of the limitations of this technique. Tissue-specific ablation of a gene harboring loxP sites by expression of Cre recombinase is only as good as the promoter driving Cre expression. Adipose-specific promoters are notoriously inefficient (resulting in less than 100% deletion) and somewhat promiscuous (expressed in some undesired locations) (Jeffery et al., 2014) . To address promiscuity, 2 strains of Ad-Bmal1 -/mice were made, using either aP2-Cre or adiponectin-Cre to delete Bmal1 in adipocytes. This increases confidence that the phenotypes observed in both strains are due to the loss of Bmal1 in adipocytes, although it is formally possible that both aP2-Cre and adiponectin-Cre are also coexpressed in a small population of other cells. Regarding the efficiency of deletion, both strains of Ad-Bmal1 -/mice had incomplete loss of clock gene oscillation in WAT and BAT, as well as incomplete deletion of Bmal1 in isolated adipocytes, suggesting that some functions controlled by local adipocyte clocks may not be lost in these animals. Given that both aP2 and adiponectin are maximally expressed in mature adipocytes, it is especially likely that Bmal1 is expressed in mesenchymal stem cells and preadipocytes within adipose depots of Ad-Bmal1 -/mice.
Similar to mice in which Bmal1 is deleted in all cells, Ad-Bmal1 -/mice fed a high-fat diet develop obesity, suggesting that this can be attributed to the cell-autonomous loss of circadian rhythms in fat. High-fat fed Ad-Bmal1 -/mice also have altered feeding patterns and reduced respiratory oxygen consumption, each of which could contribute to obesity. Adipocytes secrete hormones and fatty acids that modulate feeding behavior and energy expenditure through hypothalamic circuits (Lam et al., 2005; Friedman, 2014; Bluher and Mantzoros, 2015) , and many of them undergo circadian oscillation. Interestingly, several polyunsaturated fatty acids (PUFAs) were found to oscillate with peak concentration in the blood and hypothalamus during the day in control mice, and this rhythm was attenuated in Ad-Bmal1 -/mice, which could explain their increased daytime food intake, ultimately leading to obesity. The reduced release of PUFAs at CT6 was attributed to decreased expression of Ces1d, encoding triacylglycerol hydrolase (Tgh), which promotes lipid release from adipocytes (Wei et al., 2010; Dominguez et al., 2014) . Notably, the lipid class most affected by acute treatment of mice with Tgh inhibitors was polyunsaturated lipids (Dominguez et al., 2014) , supporting the hypothesis that altered Ces1d expression in Ad-Bmal1 -/mice could specifically affect this lipid class.
ADIPOKInES
In addition to fatty acids, adipocytes secrete peptide hormones that influence feeding behavior and other aspects of physiology. Among the best studied of these is leptin. Leptin serves as a satiety signal by shifting the balance of anorexogenic and orexigenic hypothalamic peptides; mice lacking either leptin (Ob/Ob) or its receptor (Db/Db) are morbidly obese due to severe overeating. While leptin levels are correlated with overall adiposity, its concentration also oscillates diurnally in human plasma and cerebrospinal fluid (Sinha et al., 1996; Alzoghaibi et al., 2014; Sanchez-de-la-Torre et al., 2014; Wardlaw et al., 2014) . Leptin also oscillates in mice (Ando et al., 2005; Turek et al., 2005) ; several studies have measured elevated leptin in Clock m/m or Bmal1 -/animals, but it is unclear whether that indicates circadian control of leptin production or a secondary effect of increased adiposity. mRNAs encoding other adipokines, including adiponectin and resistin, have been reported to oscillate in mouse WAT as well (Ando et al., 2005; Oliver et al., 2006) .
LIPOgEnESIS AnD LIPOLYSIS
While their modulation of feeding behavior by secreting lipids and peptide-based hormones has garnered recent attention, adipocytes are historically most recognized for their critical role in energy homeostasis as the major site of long-term energy storage in the form of lipids. During times of energy surplus (e.g., feeding), adipocytes import glucose and fatty acids from the circulation and convert them to triglycerides (3 fatty acids connected to a glycerol backbone via ester linkages), which are stored in lipid droplets. When energy is in demand (e.g., fasting and/or strenuous activity), adipose tissue converts triglycerides into free fatty acids and glycerol, which are released into the circulation and provide rich sources of ATP to other organs. The processes of triglyceride synthesis ("lipogenesis") and conversion of triglycerides into glycerol and free fatty acids ("lipolysis") proceed via a choreographed sequence of enzymatic reactions, many of which may be subject to circadian regulation ( Figure 2 ).
As discussed earlier in relation to adipogenesis, several genetic models of local or systemic clock disruption have altered fat accumulation (Rudic et al., 2004; Lamia et al., 2008; Guo et al., 2012; Paschos et al., 2012; Barclay et al., 2013; Kennaway et al., 2013; Griebel et al., 2014) . Rather than alterations in adipogenesis, these findings may reflect changes in lipid synthesis (lipogenesis) or breakdown (lipolysis). Several studies support the hypothesis that adipose tissue clocks regulate these processes via transcriptional control of rate-limiting enzymes. For example, mice treated with Reverba and Reverbβ activating ligands lose weight secondary to increased energy expenditure and suppression of lipogenic genes (Solt et al., 2012) . A diurnal rhythm of lipolysis in rodent white adipose tissue explants was first measured more than 30 years ago (Suzuki et al., 1983) , and recent studies suggest that lipolysis could be driven by local adipose circadian clocks . Among the most critical enzymes in lipolysis are adipocyte triglyceride lipase (Atgl) encoded by the Pnpla2 gene and hormone-sensitive lipase (Hsl) encoded by Lipe. Both Pnpla2 and Lipe mRNA expression exhibit circadian oscillation in white adipose tissue . Each of the promoters is associated with Bmal1 in chromatin immunoprecipitation assays (Koike et al., 2012; Shostak et al., 2013) , suggesting that they could be direct output genes of the local WAT clock. Further supporting that model, Pnpla2 and Lipe mRNAs oscillate in explanted fat pads following circadian synchronization . Triglyceride hydrolase (Tgh), encoded by Ces1d, was recently found to contribute significantly to lipid release from adipocytes (Wei et al., 2010) and also seems to be a direct target of Bmal1 (Koike et al., 2012; Paschos et al., 2012) , regulated by local adipose clocks.
OuTLOOK
In the past decade, we have learned not only that peripheral tissue clocks are critical for optimizing physiology in synchrony with environmental and behavioral demands; we have begun to uncover molecular mechanisms by which peripheral clocks interact with other tissue-specific pathways to regulate a wide range of physiological systems. Several outstanding questions remain. For example, the mechanism by which clocks are disrupted seems to have a major impact on the effects of the manipulation both on gene expression and on physiology. For example, abolishing circadian rhythms by deleting Bmal1, overexpressing Reverba, or deleting both Cry1 and Cry2 results in different diurnal transcriptome profiles in mouse livers (Kornmann et al., 2007; Lamia et al., 2008; Vollmers et al., 2009) , leading to questions about the relative importance of local clocks or rhythmic feeding patterns for driving widespread diurnal transcription (Vollmers et al., 2009) . Conditional deletion of Bmal1 has been a critical tool for establishing the proof of concept that tissue-autonomous clocks are important modulators of the physiology of several organs, and now we need new tools to improve our understanding of the roles of other core clock components and circadian output factors in physiology. The importance of circadian regulation in adipose tissues is clear and likely affects tissue development, as well as cell-autonomous lipid synthesis and mobilization, and the secretion of adipokines and lipokines that regulate feeding and possibly other behaviors. The recent development of small molecules targeting core clock components (Hirota et al., 2012; Solt et al., 2012) raises the possibility of novel therapeutic approaches to treating metabolic disease by pharmacologically modulating circadian clocks. Further studies will help define the specific actions of various clock components in white, beige, and brown adipocytes located in myriad fat storage locations and how well these properties are conserved between rodents and humans. Better understanding these details could also help determine the mechanisms by which altering the timing of food consumption has such a profound impact on fat accumulation, an important question in these times of increasing circadian desynchronization caused by modern lifestyles. 
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